Generation of two-mode field squeezing through selective dynamics in cavity QED 
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We propose a scheme for the generation of a two-mode fiefd squeezed state in cavity QED. It is 
based on two-channel Raman excitations of a beam of three-level atoms with random arrival times 
by two classical fields and two high-Q resonator modes. It is shown that by suitably choosing the 
intensities and detunings of fields the dynamical processes can be selective and two-mode squeezing 
between the cavity modes can be generated at steady state. This proposal does not need the 
preparation of the initial states of atoms and cavity modes, and is robust against atomic spontaneous 
decay. 
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Squeezing is one of the most striking features of quan- 
tum optics, which can be simply defined as the reduc- 
tion of quantum fluctuations in a certain quadrature be- 
low the vacuum level, at the expense of increasing them 
in its canonically conjugate variable[l(. Various theo- 
retical schemes and experimental protocols have been 
proposed or even implemented to produce the squeezed 
states of electromagnetic field 0, 0,0] • Recently with the 
advent of quantum information and communication H, 
squeezed states of light have played very important roles 
in numerous quantum information protocols H, e.g., the 
realizations of continuous variable computation Ml and 
teleportationQ. Also two-mode squeezed states [9j can 
lead to efficient distribution of entanglement and imple- 
mentation of quantum channels by improving the low 
squeeze parameters [l^. Two- mode squeezing has al- 
ready been realized through Kerr nonlinearity in optical 
fibers and with atomic clouds in optical cavities [llj. In 
the context of cavity QED[l2],[l3[ , two-mode field squeeze 
operators in optical cavities with atomic ensembles have 
been proposed 14]. Also two-mode squeezing of sepa- 
rated atomic ensembles has been presented [ll|. Most re- 
cently, a scheme for generating two-mode field squeezing 
has been proposed [l6(, which is based on atomic reser- 
voir in four- wave mixing processes in cavity QED. How- 
ever, to implement this protocol, one has to prepare the 
two-level Rydberg atoms in a coherent superposition of 
ground state and excited state before the atoms enter the 
cavity. 

In this paper, we propose a scheme for the generation of 
a two-mode field squeezed state in cavity QED. It does 
not need neither the preparation of the initial state of 
the atoms nor the initial state of the cavity. The whole 
system has only to stay in the ground states initially. 
This proposal is based on two-channel Raman excitations 
HO of a beam of three-level atoms with random ar- 
rival times by two classical fields and two high-Q cavity 
modes. This process corresponds to a form of atomic 
reservoir engineering, where the resonator is pumped 
randomly by a beam of atoms which constitute a spin 
reservoir [lij]. We show that by suitably choosing the in- 



tensities and detunings of fields the dynamical processes 
can be selective, which is utilized to generate two-mode 
squeezing between the cavity modes at steady state. To 
implement this scheme it does not require atomic detec- 
tion nor velocity selection, and is robust against atomic 
spontaneous decay. With presently available experimen- 
tal setups in cavity QED this protocol can be realized. 

Our proposal relies on the two-channel Raman excita- 
tions of a beam of three- level A configuration atoms [bH 
17j . As sketched in Fig. 1, two classical fields of frequen- 




FIG. 1: Scheme for the two-channel Raman excitation of the 
three-level atoms. 

cies u>i and uj 2 drive dispersively each three-level atom, 
establishing a couple of Raman laser system through two 
high-Q cavity modes of frequencies of v\ and v 2 . The 
ground state of the atoms is labeled as \g) , the metastable 
state as \h), and the excited state as |e). The classi- 
cal fields drive dispersively the transitions \h) «-> \e) and 
\g) «-> |e) with Rabi frequencies Qi and O2. The cavity 
modes couple the transitions \g) <-> |e) and \h) «-> \e) 
with coupling constants g\ and g 2 . The detunings for 
these transitions are Ai = oj e h — lu± = Lu eg — v\, and 
A2 = Lu e g — w 2 — u e h — v 2 . In the interaction picture, 
the associated Hamiltonian under the dipole and rotating 
wave approximation is given by (let ft = 1 ) 

H! = n 1 a eh e lAlt +n 2 a eg e lA2t +g 1 a 1 a eg e lAlt +g 2 a 2 ^ eh e lA ^ 

(1) 

where <7,- m — \j){m\ is the atomic transition operator, 
and a,i is the annihilation operator for the mode with 
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frequency vi(i = 1,2). We consider dispersive detunings 
|Ai|,|A 2 |,|Ai - A 3 1 » |ni|, |n 3 |, Since level 
|e) is coupled dispersively with both levels \g) and it 
can be adiabatically eliminated and atomic spontaneous 
emission can be neglected [l9j. Then we obtain the ef- 
fective Hamiltonian describing the two-channel Raman 
excitations of the atoms 
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The first two terms correspond to dynamical energy shifts 
of levels \g) and \h), and the last two terms describe 
transitions between these levels, accompanied by creation 
or annihilation of a photon in the respective cavity mode. 
In the following we assume that f2i, fi 2 ) gi, and g 2 are 
real for simplicity. 

This effective Hamiltonian can be rewritten as 



H eff =H + (0 2 a 2 - ®iax)a hg + H. 



(3) 



where H a = (\^\a\a 2 - |^ \)& h h + (Isfl - I37 \a\ai)a gg , 
0, = \-^:\, and f2j = fii<ft . Using the two-mode squeez- 
ing operator S 12(e) = exp(e* &1&2 — ea\a\) we can bring 
the Hamiltonian (3) to the second order anti-Jaynes- 
Cummings Hamiltonian H = Ho + Hi, with Hq = 
dfyblh - \fya hh + (|g| - \^\b\bi)a gg , and 

Hi= -e b (bia hg + b\a gh ), if 0!>0 2 , (4) 

Hi= e b (bl& hg + b 2 a gh ), if e 1 <e 2 . (5) 



Here Q b = (G 1 + G 2 )y/(l-r)/(l+r) with e = tanlT 



while the value of r 
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if 0i > 2 . The new bosonic operators bi, b 2 can be 
obtained from fii, a 2 by the two- mode squeezing trans- 
formation, bj = S\ 2 (e)a,jSi 2 (e). This Hamiltonian de- 
scribes an effective two-level atom coupled to the cavity 
modes. The ratio of ©i to 2 determines to which of the 
transformed modes the two-level transition couples. 

To get more insight into the coupled system of the 
effective two-level atom and cavity modes, we define 
\ni,n 2 ) a , and \ni,n 2 ) b as the eigenvectors of the num- 
ber operators ajaj and bjbj, respectively. The corre- 
sponding eigenvalues are nj = 0, 1, 2, ...(j = 1,2). The 
two bases are related by the transformation \ni,n 2 ) b = 
S\ 2 (e)\ni,n 2 ) a . In particular, the vacuum state in the 
b basis is a two-mode squeezed state of the two cavity 

modes, |0,0> 6 = 4,(e)|0,0>„ = E~=i 1 ^^K »>„• 
The degree of squeezing is determined by the r and 

thus by the ratios and |^|. For 0i > 2 (0i < 

2 ), the state |g,0, 0) Qh, 0,0)) is the ground state of 
the new Hamiltonian, i.e., H\g,Q, 0) = 0(H\h, 0, 0) = 
0). A general two- mode squeezed state can be realized 



by utilizing the coherent displacement operator for the 
two modes, i.e., \ai,a 2 , e) = £>i(ai)D 2 (a 2 )S'J 2 (e)|0, 0} a . 
Here Dj(aj) = exp(aid\ — a*di)(i = 1, 2). 

After obtaining the selective interaction of the coupled 
system, we now show how to prepare the cavity modes 
in the two-mode squeezed states through atomic reser- 
voir engineering. This is achieved by an effective dissi- 
pation process in the b basis and needs two steps to be 
implemented. Step 1: We set ©i = = |^| > 

2 = I $2. 1 = |-p2_|. Then the atoms enter the cav- 

i\ I A 2 I I A 2 o 1 

'fty in the ground state \g) and undergo the dynamics 
of Eq.(4). In this case the average excitations from 
mode bi can be removed. Step 2: Subsequently we set 

©i = ls£ I = l&l < Q 2 = l§l = and the d y nam - 

ics of Eq.(5) can be selected. In this situation the atoms 
enter in another ground state \h) and absorb in average 
excitations from mode b 2 . In order to select this dynam- 
ics one has to change the intensities of the pump fields 
(Rabi frequencies) and the transition frequencies of the 

three-level atom (detunings), i.e., |A^| = |^ i ||A 20 |, and 
i n' 
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|Ai |. The relation - \Cl' 2 \ > Mil ~ 1^2 1 



has to be maintained and the sum of the two detunings in 
the two steps keep constant, i.e., |Ai| + |A 2 | = IA'jJ + IA^. 

This proposal utilizes the atomic reservoir engineering, 
where the resonator is pumped by a beam of atoms with 
random arrival times. On the other hand, the atoms 
should have a low pumping rate in order to ensure that at 
most one atom is inside the cavity at a time. We assume 
the weak coupling conditions, but only with respect to 
the parameters of the effective two-level system, then the 
interaction of a single atom with the cavity is a small 
perturbation. Let r be the interaction time, with Q b T *C 
1, and make all atoms be initially in the ground state 
\g) in step 1 and in state \h) in step 2. The differential 
change on the density mat rix p c of the cavity in each step 
j(j = 1,2) is given by 

h ,bjp c - 2bjp c b [ ; 
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where 7 = r Q 
rate. Therefore 
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the atomic arrival 
we have (bjbj) c = 
(b'jbj)oexp(-yt). At times t ^> I/7, we have the van- 
ished average photon number in mode b. This implies 
that the steady state of the cavity is the vacuum state 
in the b basis. In terms of the original field modes, this 
procedure means that the atoms pump in phase only the 
two-mode squeezed state. So we have the following field 
state at steady state 

pf = |0,0) fc <0,0| = 4^)10, 0) Q (0,0|5i 2 (e). 



(7) 



This is a two-mode squeezed state, whose degree of 
squeezing e is mainly determined by the ratios and 
|Ai| 



3 



We denote the field quadratures for the cavity modes 



as Xi — ^(a, + a|) and P, 
tively. Then the variances in 
ence operators in the state (7) 

V{P\ =F Pi) = ^exp[±2ta,nh~ 1 (r)]. Therefore, two-mode 
squeezing, i.e., Einstein-Podolsky- Rosen (EPR) correla- 
tions are established between the cavity modes at steady 
state 2(1 21 [ . This state is reached independently of the 
the initial state of the cavity modes, given that each step 
is implemented for a sufficiently long time T. 

It is necessary to analyze the proposal requirements. 
To realize this scheme, it needs changes in the intensities 
of the pump fields and the transition frequencies of the 
atoms. It is fairly easy to tune the intensities of the 
pump fields in experiments. To change the transition 
frequencies of the atoms, an external static field can be 
utilized. This protocol needs neither the preparation of 
the initial state of the atoms nor the initial state of the 
cavity. The whole system has only to stay in the ground 
states initially. It does not need the atomic detection 
nor control of the atomic velocities and numbers either. 
The atomic spontaneous emission is strongly suppressed 
during the interaction with the cavity modes due to large 
atom-field detunings. On the other hand, dissipation of 
the cavity field should be negligible in the experiments 
to implement the proposal. 

We consider some experimental matters. For a poten- 
tial experimental system and set of parameters in mi- 
crowave resonators [22j, the atomic configuration could 
be realized in Rydberg atoms. Typically, alkali atoms 
85 Rb are good candidate [23}. Then the ground states 
\g) and \h) correspond to the states |52D 5 / 2 ) hyperfine 
levels [23], The degeneracy of the states can be lift by 
using an external magnetic field. These states are cou- 
pled by via Raman transitions involving circularly polar- 
ized cavity modes and pump fields in a resonator. We 
choose the single photon dipole coupling strength as, 
.9i ~ 92 — 9/(2tt) ~ 50 kHZ, and assume laser Rabi fre- 
quencies f2i/(27r) ~ 40 kHZ, fl 2 ~ fii/0.48, and atomic 
excited detunings |Ai|/(2tt) ~ 1 MHZ, and |A 2 | = 2|Ai|. 
With these parameters we obtain the Raman transition 
rates 6i/(27r) - 2 kHZ, 6 2 /(27r) - 2.3 kHZ, and the 
squeezing parameter e ~ 1.8(r ~ 0.95). The occu- 
pation of the excited state e) can be estimated to be 
(|e)(e|) ~ |Oi/Ai| 2 . Spontaneous emission from the ex- 
cited state at a rate j e thus leads to effective decay rate 
r e = I 1 / A 1 1 2 -7,=. . With the given parameters one can 
estimate a negligible effect of the spontaneous decay of 
the atoms on the fidelity of the squeezed states. 

The time T for each step to reach (bjbj)T ~ n<x> 
depends on the initial value (bjbj)o =: no, i.e., T = 



r(a; 



a 



respec- 



the sum and differ- 
are V(X 1 ± X 2 ) = 



7 _1 | lnfnoo/fio)!. Here no — r 2 /(l — r 2 ) when the cavity 
modes are in the vacuum state initially. For the degree 
of squeezing e ~ 1.83(r ~ 0.95), from the above param- 
eters we have a total experimental time 2T ~ 7 ms, in 
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FIG. 2: Total preparation time 2T and average photon num- 
ber n vs the parameter r. 



case of an initially empty resonator. This result is in 
line with the currently experimental setups. Resonators 
stable over 100 ms have been reported recently [23j. In 
Fig. 2 we plot the estimated total time to prepare the 
squeezed states and the corresponding average photon 
number per mode at steady state as a function of the 
parameter r. From the figure it can be seen that for the 
squeezing degree e ~ 1.83(r ~ 0.95), at steady state one 
can obtain an average number of 9 photons per cavity 
mode. This needs about 7 ms to produce the two-mode 
squeezing, with a fidelity F ~ 0.99. 

It is noted that the present proposal is valid on con- 
ditions that the cavity modes should not decay during 
the experiment. We discuss this scheme in the weak cou- 
pling regime, but one also can get the same results in 
the strong coupling conditions by randomizing the inter- 
action times. This protocol has two distinct advantages. 
It does not need the preparation of the initial states of 
the atoms and the resonators. All the atoms have only 
to stay in the ground states before entering the empty 
cavity. This offers an convenience in the experiments. 
Another advantage is that the atomic decay can hardly 
influence this scheme. The two-channel Raman excita- 
tions offer the other convenience in the experiments. 

In conclusion, we have proposed a scheme for the gen- 
eration of a two-mode field squeezed state in high-Q 
resonators. This proposal relies on a form of quantum 
reservoir engineering and the two-channel Raman ex- 
citations of a beam of three-level atoms. It does not 
need neither the preparation of the initial state of the 
atoms nor the initial state of the cavity. It is shown 
that by suitably choosing the intensities and detunings 
of fields the dynamical processes can be selective, which 
can be utilized to generate two-mode squeezing between 
the cavity modes at steady state. This protocol is ro- 
bust against atomic spontaneous decay and can be real- 
ized with presently available experimental setups in cav- 
ity QED. 
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